Non-equilibrium fractionation during ice cloud Si improves the simulation of deuterium excess during the last glacial maximum, sug- contact freezing based on Young (1974) in mixed-phase clouds (−37
tercept a is usually set to a value close to 1, implying saturation at T ≈ 0
• C, while the (1)
where R v,0 is the initial isotope ratio in the vapor, f is the fraction of remaining vapor,
189
and α is the effective fractionation factor (including both equilibrium and non-equilibrium Si is the saturation ratio with respect to ice, and α eq is the equilibrium fractionation fac- to match observed precipitation deuterium excess over Antarctica .
201
To illustrate the impact of this parameterization, Figure 1 shows the evolution of 202 δD and deuterium excess in vapor and condensate described by the Rayleigh equations
203
(1, 2) for a hypothetical air parcel with an initial vapor isotopic composition of δD = thermore, a higher Si leads to an overall flatter slope between δD and deuterium excess.
226
Thus, Figure 1 demonstrates that Si has a large impact on the deuterium excess in both 227 vapor and condensate, and therefore a correct representation of Si in isotope models is 228 important.
229
In contrast to most AGCMs, the microphysics scheme of CAM5 allows Si > 100% 
0
• C if Si > 100%. For consistency this −20
• C limit is kept in the modified iCAM5 ver-
239
sion, but will be the focus of sensitivity tests (see Section 2.2.2). 0 and δD = 0 in present-day climate, and δ 18 O = 1.13 and δD = 9.10 dur- climate, in which we scale the parameters by a factor β, where β = 0.5, 2.
265
Furthermore, we test the sensitivity of stable water isotopes to the temperature thresh- branched from the present-day one-year spin-up simulation using Si param (and β = 1,
270
T ini = −20 • ) and run for five years (Table 1) . 
305
The decrease can partly be explained by an increasing fraction of snow in precipitation.
306
Over Antarctica, deuterium excess is negative at the coast and positive further inland, 
310
In iCAM5, the deuterium excess during the last glacial maximum is generally lower 
Relationship between T and Si

325
Figure 4 shows at which T and Si most Antarctic precipitation forms in iCAM5
326
(using the diagnostic water tracers described in Section 2.3). 90% of Antarctic precip- tern than a simple shift to lower T and higher Si (Figure 4c ).
334
In both climates, Si is close to 100% at T ≈ 0 • C, and increases with decreasing
335
T as the ratio between the saturation vapor pressure over liquid water and ice increases. As Figure 5 shows, the differences between Si real and Si param also affect the deu- glacial maximum (LGM): (a,d) total difference in precipitation deuterium excess (dp), (b,e) difference resulting from fractionation during cloud formation (dp − dv), (c,f) difference resulting from deuterium excess in vapor (dv). Each dot is a 6-hourly average at a grid point over Antarctica. The sum of (b) and (c) is equal to (a) and the sum of (e) and (f) is equal to (d). Lines as in in Figure 4 , leading to weaker non-equilibrium fractionation and a higher deuterium ex-377 cess in the remaining water vapor (cf. Figure 1) .
378
For the last glacial maximum there are only five observational data points, but they simulations, the deuterium excess is sensitive to both T and Si. Figure 7 shows how T
393
and Si are affected by the scaling of the microphysical parameters in present-day climate.
394
Higher naai and epsi increase ice nucleation and deposition, respectively, and thus re- and the opposite effect for β = 0.5.
403
As Figure 8 shows, the lower Si and higher T in the simulations with β = 2 in-404 deed lead to a lower deuterium excess at high δD and a higher deuterium excess at low do not depend strongly on T ini (Figure 9a ). This can be explained by the difference be- 
445
show that the relation between δD and deuterium excess during the last glacial maxi-446 mum is better reproduced by the simulation using Si real than the simulation using to the initial δD of the air parcels, corresponding to an initial deuterium excess of −10 507 and +10 , respectively. As Figure 10 shows, a higher initial deuterium excess in vapor 508 unsurprisingly leads to a higher deuterium excess in the condensate, but the slope be-509 tween δD and deuterium excess is nearly independent of the initial values. We therefore 510 expect very similar results with regards to the slope between δD and deuterium excess 511 for different formulations of fractionation during evaporation from the ocean or land.
512
By using the isotope ratios of precipitation from iCAM5 we also neglect potential present-day isotope measurements may be a reasonable approximation of supersatura-549 tion with respect to ice in present-day climate, but likely not in past climate. In this case, 550 using the real supersaturation leads to a significant improvement.
551
Our results also showed that with the real supersaturation stable water isotopes 552 can constrain microphysical parameters that influence supersaturation with respect to 553 ice in the model. Reducing the number of active aerosols for ice nucleation (naai) or the
